
体育科学与健康促进  Sport Science and Health Promotion

SSHP  Vol.1   July  2026   No.1    9

The Role of Kayak Rolling Techniques in Developing Proprioception
—— A Case Study of Sweep Roll, C-to-C Roll, and Hand Roll

Owen
（Qiandao Lake Lakers Kayak Club, Hangzhou 311799,China）

Abstract: Kayak rolling, as a water sport skill, requires not only strength and technical proficiency but also 
proprioceptive ability, vestibular regulation, and neuromuscular control to restore body posture. This study 
examines three rolling techniques—Sweep Roll, C-to-C Roll, and Hand Roll—by integrating proprioception 
theory, motor control theory, and embodied cognition theory to analyze their impact mechanisms on athletes' 
sensory-motor systems. The findings suggest that kayak rolling may enhance athletes' proprioceptive abilities 
through mechanisms such as sensory reweighting, vestibular-proprioceptive integration, neuromuscular 
feedback modulation, and sensory-motor coupling.
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Introduction
Compared with land-based sports, kayaking 

is characterized by significant environmental 
uncertainty, as athletes are subject to multiple 
constraints, including changes in water currents, 
shifts in boat posture, and adjustments to body 
center of gravity. How to enhance athletes' ability to 
perceive changes in both body state and the external 
environment has become an important direction in 
modern kayaking training science.

The roll technique is one of the core skills in 
kayaking, primarily used by athletes to return to an 
upright sitting position after the boat has capsized. 
From the perspective of motor control theory, the 
roll is not merely a movement accomplished through 
strength and skill alone, but rather a complex 
process that heavily depends on the coordination of 
sensory input, neural processing, and motor output. 
After the boat has completely overturned, the 
athlete's visual information is significantly restricted, 
requiring greater reliance on internal sensory 
information provided by muscles, tendons, joints, 
and the vestibular system to determine body position 
and complete postural adjustments.

Proprioception is an important sensory ability 
that enables the human body to perceive its own 
position, movement state, and changes in force, 
serving as a critical foundation for maintaining 
motor stability and achieving precise movement 
control. Existing research has shown that long-
term specialized sports training can promote the 
development of athletes' proprioceptive abilities, 
enabling them to demonstrate higher levels of 

postural control and movement regulation in 
complex athletic environments.

F r o m  t h e  p e r s p e c t i v e  o f  m o v e m e n t 
characteristics, although the Sweep Roll, C-to-C 
Roll, and Hand Roll all fall under roll techniques, 
they exhibit notable differences in motor control 
requirements. The Sweep Roll involves a longer 
movement path, emphasizing body rotational 
coordination and spatial position awareness; the 
C-to-C Roll is executed at a faster speed and relies 
more heavily on core stability and dynamic postural 
control; and the Hand Roll, performed without the 
assistance of a paddle, places higher demands on the 
athlete's internal sensory feedback and overall motor 
coordination.

In recent years, advances in motor control 
theory and embodied cognition theory have further 
expanded our understanding of the mechanisms 
underlying motor skill acquisition. Motor skills are 
not simply acquired through external movement 
imitation, but are gradually formed through the 
continuous interaction among the body, the nervous 
system, and the environment. Kayak roll training 
may not only enhance the level of specialized 
technique but may also promote the development 
of athletes' bodily cognitive abilities through 
sensorimotor system adaptation.

On this basis, this paper takes three typical 
kayak roll techniques—the Sweep Roll, C-to-C Roll, 
and Hand Roll—as research subjects, and analyzes 
their movement characteristics, sensory demands, 
and underlying mechanisms from a proprioceptive 
perspective, aiming to provide a reference for 
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kayaking training practice, proprioceptive training 
methods, and motor skill research. At the same time, 
this paper acknowledges that current related studies 
remain predominantly theoretical in nature, and 
that direct empirical evidence regarding the effects 
of roll training on proprioceptive abilities still needs 
to be further accumulated, which also constitutes an 
important direction for future research.

1.    The Concept of Proprioception and 
Its Significance in Motor Control

Proprioception is an important sensory ability 
that enables the human body to perceive its own 
body position, movement state, and changes in 
muscle force, serving as a critical foundation for 
maintaining postural stability and achieving fine 
motor control. Sherrington first introduced the 
concept of "proprioception" in 1906, proposing that 
the organism is able to obtain internal feedback 
about its own state through sensory information 
from tissues such as muscles, tendons, and joints [1]. 
With the development of neuroscience and motor 
control theory, the connotation of proprioception has 
gradually expanded from a single sensory function to 
a comprehensive sensory system involving multiple 
peripheral receptors and central neural regulatory 
mechanisms.

Currently, it is widely accepted in the academic 
community that proprioception mainly includes 
joint position sense, kinesthesia, and force sense, 
with its information sources primarily consisting 
of muscle spindles, Golgi tendon organs, joint 
mechanoreceptors, and cutaneous receptors [2]. 
Among these, muscle spindles are capable of 
sensing muscle length and the rate of change in 
length, playing an important role in body position 
adjustments during movement; Golgi tendon organs 
are primarily involved in muscle tension regulation, 
which is significant for force output control; and 
joint mechanoreceptors provide information about 
changes in joint angle and movement direction.

From the  perspect ive  of  motor  control , 
proprioception does not function as an isolated 
sensory system, but rather participates in human 
postural control together with the visual and 
vestibular systems. Horak et al. pointed out that 
balance maintenance in complex environments 
depends on the integrated use of multisensory 
information, and when a particular sensory input is 

restricted, the central nervous system is able to adjust 
the weighting of different sensory channels through 
sensory reweighting mechanisms to ensure the 
stability of motor control [3]. Riemann and Lephart 
noted that proprioception is not only involved in 
sensory information transmission, but is also an 
important component of maintaining joint stability 
and motor control [4].

This  theor y  i s  of  great  s igni f icance  for 
understanding the kayak roll. Unlike most land-
based sports, during a kayak roll the athlete may 
be in a state of body inversion, limited underwater 
vision, and rapid changes in spatial orientation; 
under these conditions, visual information is often 
unable to provide continuous and effective feedback, 
and the motor control system must rely more 
heavily on information from muscles, joints, and 
the vestibular system. Therefore, roll training may 
provide sustained stimulation to the proprioceptive 
system and promote the athlete's ability to perceive 
and regulate internal body states.

In recent years, motor neuroscience research 
has further demonstrated that proprioception 
is not a fixed physiological capacity, but rather 
possesses considerable plasticity. Long-term sports 
training can alter the information processing 
patterns between sensory input and motor output, 
enhancing the nervous system's ability to recognize 
and predict changes in body state [5,6]. Therefore, 
from a theoretical standpoint, specialized sports 
characterized by high levels of postural change 
and high sensory dependence may exert a positive 
influence on proprioceptive development.

2.    Biomechanical Characteristics and 
Proprioceptive Demands of Three Kayak 
Roll Techniques
2.1    Basic Biomechanical Characteristics of 
the Kayak Roll

T h e  k aya k  ro l l  i s  a  t y p i c a l  wh o l e - b o dy 
coordinated motor skill, the execution of which does 
not rely on the strength of a single muscle group, but 
rather forms a complex kinetic chain involving lower 
limb fixation, core stabilization, trunk rotation, and 
upper limb movements. Unlike traditional strength-
based movements, the key to roll technique does 
not lie in generating maximum force, but rather in 
whether the athlete can accurately perceive body 
state within a limited time frame and achieve the 
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recovery of boat and body posture through proper 
force transmission [7,8].

From a biomechanical perspective, the kayak roll 
primarily involves three levels of control processes.

First, body-boat coupling control. Kayaking 
is characterized by a distinct human-equipment 
interaction. The athlete does not perform movements 
independently, but rather establishes a relatively 
stable connection with the boat through the hips, 
knees, and footrest positions. During the roll, the 
athlete needs to perceive the relative movement 
between the body and the boat, and adjust body 
posture to change the direction of boat rotation.

S e c o n d ,  t r u n k  ro t a t i o n  a n d  h i p - d r ive n 
mechanisms. Hip snap is considered a critical factor 
in successful roll execution. Effective hip movement 
can utilize the force generated by the lower limbs 
and core region to propel the boat into rotation, 
rather than relying solely on upper limb pulling of 
the paddle shaft for recovery. This process involves 
coordinated activity among the oblique abdominal 
muscles, lumbar back muscles, and muscles around 
the hip joint, placing considerable demands on the 
athlete's core stability and motor control abilities.

Third,  sensor y  feedback and movement 
correction mechanisms. Due to the dynamically 
changing nature of the aquatic environment, athletes 
find it difficult to complete the roll solely by relying 
on pre-programmed movement sequences, and 
instead need to adjust movements based on real-
time sensory information. For example, during the 
roll, the athlete needs to judge the body's rotation 
angle, the degree of boat tilt, and the timing of hip 
movement. This information primarily comes from 
the proprioceptive and vestibular systems.

Therefore, from the perspective of motor control 
theory, the kayak roll is not a simple process of force 
output, but rather a closed-loop control process 
involving continuous sensory input, information 
integration, and movement adjustment. This 
cycle repeats continuously, enabling the athlete to 
gradually establish a stable internal model of the 
body and improve the level of automatic movement 
execution [9,10]. Roll training not only improves 
specialized technique but also promotes the 
development of the athlete's sensorimotor system.

2.2    Biomechanical Characteristics and 
Proprioceptive Demands of the Sweep Roll
2.2.1    Movement Characteristics of the Sweep Roll

The Sweep Roll is a relatively common roll 
technique in kayak instruction and practice. Its main 
characteristic is the use of a wide sweeping motion 
of the paddle blade through the water, combining 
paddle support force, body rotation, and hip 
movement to complete the boat recovery.

Compared with other roll techniques, the Sweep 
Roll has a longer movement trajectory and a more 
pronounced body rotation process, allowing the 
athlete relatively ample time to adjust movement 
rhythm. Therefore, this technique is generally 
considered a more suitable rolling method for 
beginners to master.

From the perspective of movement structure, 
the Sweep Roll mainly includes: leaning forward 
and establishing a preparatory posture; rotating 
the boat into an inverted position; extending the 
paddle blade and performing the sweeping motion; 
and combining with hip snap to restore the boat to 
stability. Throughout this process, the athlete needs 
to maintain coordinated relationships between the 
trunk and the boat, while using sensory feedback to 
judge the state of body rotation.
2.2.2    Proprioceptive Demands of the Sweep Roll

Although the Sweep Roll is relatively slow in 
execution, it still places considerable demands 
on proprioception. First, the athlete needs to 
possess good joint position sense. When the boat is 
overturned, visual information is restricted and the 
athlete cannot directly observe body orientation, 
thus requiring reliance on trunk rotation sensation, 
shoulder joint position changes, and hip pressure 
changes to judge current posture. Second, the Sweep 
Roll requires the athlete to develop good inter-
segmental coordination. The roll movement is not 
completed by the shoulders driving the body into 
rotation, but rather requires the pelvis, trunk, and 
upper limbs to form a continuous movement chain. 
If coordination among different body parts is lacking, 
insufficient movement amplitude or recovery 
failure may occur. Third, the Sweep Roll can help 
beginners establish bodily adaptation to the aquatic 
environment.

When beginners first encounter roll training, 
they often experience inversion fear and difficulty 
in directional judgment. This actually reflects their 
insufficient ability to utilize internal bodily sensory 
information. Sweep Roll training can play a certain 
role in establishing fundamental body awareness.
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2.3    Biomechanical Characteristics and 
Dynamic Sensory Control of the C-to-C Roll
2.3.1    Movement Characteristics of the C-to-C Roll

The C- to - C  Rol l  i s  a  rol l  technique that 
emphasizes rapid movement transitions. Its name 
derives from the body's transition from a "C-shaped 
tucked posture" to a "C-shaped posture" in the 
opposite direction during the movement.

Compared with the Sweep Roll, the C-to-C Roll 
has the following characteristics: smaller movement 
amplitude but faster execution speed; greater 
reliance on rapid contraction and release of the core 
region; and higher demands on the timing of hip 
drive.

During actual execution, the athlete first needs 
to establish a stable posture through body tucking, 
then utilize rapid hip rotation to drive the boat into 
recovery. The C-to-C Roll is not simply a reduction 
in movement amplitude, but rather an improvement 
in movement control efficiency, placing higher 
demands on the nervous system's ability to rapidly 
integrate sensory information [11].
2.3.2    Proprioceptive Demands of the C-to-C Roll

Compared with the Sweep Roll, the C-to-C Roll 
places greater emphasis on proprioceptive ability in 
dynamic states. The athlete not only needs to know 
the current position of the body, but also needs to 
predict: the direction of body rotation, the timing of 
hip force generation, and the speed of boat recovery. 
This means that the C-to-C Roll relies not only on 
static position sense, but on the combined effect of 
kinesthesia and force sense.

For example, when the athlete performs hip 
drive, they need to accurately judge: "Has the 
optimal rotation angle been reached?" "Has the 
force been effectively transmitted to the boat?" 
"Is further adjustment of body posture needed?" 
These judgments generally cannot be accomplished 
visually, but rely on internal motor models formed 
through long-term training. To a certain extent, the 
C-to-C Roll can be regarded as an important training 
stage in the transition from basic body perception to 
dynamic motor control.

2.4    Biomechanical Characteristics and 
Advanced Body Control of the Hand Roll
2.4.1    Movement Characteristics of the Hand Roll

The Hand Roll is a technically more demanding 
form of kayak roll technique, with its most distinctive 

feature being the elimination of paddle assistance, 
relying solely on the athlete's own body movements to 
complete the roll. In the absence of external support, 
the Hand Roll requires the athlete to complete boat 
recovery through body rotation, water interaction, 
and hip drive. From a biomechanical perspective, the 
Hand Roll reduces external mechanical assistance, 
requiring the athlete to enhance the precision of 
their own motor control.
2.4.2    Hand Roll and Advanced Proprioceptive 
Ability

The Hand Roll places higher demands on 
proprioceptive ability. First, the athlete needs to 
possess highly developed body spatial awareness. 
Since the paddle cannot be used to determine 
orientation, the athlete must rely on internal bodily 
sensations to judge: whether the body is approaching 
the recovery position; whether rotation has reached 
an effective angle; and whether the hip action has 
been completed. Second, the Hand Roll requires 
the athlete to possess precise force control ability. 
Insufficient force may lead to roll failure, while 
excessive force may disrupt movement coordination. 
Therefore, the athlete needs to adjust force output 
based on real-time sensations. Third, the Hand 
Roll demonstrates a highly automated level of 
sensorimotor control.

Experienced athletes typically do not analyze the 
movement process step by step, but rather rely on 
bodily experience formed through long-term training 
to execute the movement. This ability reflects a high 
degree of neural integration of motor patterns [12].

3.    Mechanisms by Which Kayak Roll 
Training Promotes the Development of 
Athletes' Proprioceptive Ability
3.1    Sensory Reweighting Mechanisms Under 
Visually Restricted Conditions

Human motor control does not rely on a single 
sensory system alone, but rather results from the 
joint participation of multiple sensory inputs, 
including vision, proprioception, and the vestibular 
system. In normal movement environments, the 
visual system can provide relatively intuitive external 
spatial information, while the proprioceptive system 
is primarily responsible for reflecting internal 
body states, including limb position, movement 
direction, and changes in force. Through dynamic 
integration among the three sensory systems, human 
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postural stability and motor coordination are jointly 
maintained.

H o w e v e r,  t h e  k a y a k  r o l l  h a s  s p e c i a l 
environmental characteristics that distinguish 
it from general land-based sports. After the boat 
capsizes, the athlete is typically in an underwater 
or laterally inverted state, with visual information 
significantly restricted and unable to continuously 
provide accurate spatial localization information. 
Under these conditions, the motor control system 
needs to increase its reliance on other sensory 
information to complete body posture judgment and 
movement adjustments.

This process can be explained by the theory of 
"sensory reweighting." Horak et al. pointed out that 
when a particular sensory input is restricted, the 
central nervous system can adjust the weighting of 
different sensory channels according to changes in 
the movement environment, thereby maintaining 
postural stability [13]. Therefore, during the kayak 
roll, the importance of visual input decreases, while 
the role of information from muscles, tendons, 
joints, and the vestibular system may be relatively 
enhanced.

Taking the Sweep Roll as an example, during 
the roll the athlete cannot directly observe the 
boat's rotation angle and must rely on trunk rotation 
amplitude, the positional relationship between the 
shoulder joint and pelvis, changes in contact pressure 
between the hip and the boat, and perception of 
body rotation speed to judge the current movement 
state. This continuous reliance on internal bodily 
information for spatial localization may promote the 
athlete's efficiency in utilizing proprioceptive signals.

Long-term training in an environment of 
sensory information redistribution may promote the 
formation of more stable sensory prediction patterns 
in the nervous system, enabling the athlete to 
complete motor control with less reliance on visual 
feedback. Therefore, kayak roll training possesses a 
potential mechanism for developing proprioceptive 
ability.

It should be noted that current experimental 
research on whether "roll training can directly 
improve proprioceptive sensitivity"  remains 
relatively limited. Therefore, the above mechanisms 
are more reasonably interpreted as theoretical 
deductions based on motor control theory, and still 
require further validation through long-term training 

experiments.

3.2    Vestibular-Proprioceptive Integration 
and Mechanisms of Spatial Orientation 
Ability Development

The kayak roll not only involves changes in body 
posture, but is also accompanied by pronounced 
rotational movements and accelerational changes, 
thus making the vestibular system play an important 
role in the motor control process.

The human vest ibular  system is  mainly 
composed of semicircular canals and otolith organs, 
with the semicircular canals primarily sensing 
rotational movements of the head, while the otolith 
organs are responsible for sensing linear acceleration 
and changes in spatial orientation. When the athlete 
completes a roll movement, the head, trunk, and 
boat all rotate together, and the vestibular system 
continuously transmits information about the body's 
movement state to the central nervous system.

However, relying solely on vestibular sensation 
is insufficient for achieving precise motor control. 
Athletes also need to integrate proprioceptive 
information from muscles and joints to make 
comprehensive judgments about body position. 
Therefore, the roll movement essentially embodies a 
process of information fusion between the vestibular 
system and the proprioceptive system [14].

For example, during the C-to-C Roll,  the 
movement duration is relatively short, and the 
athlete needs to rapidly complete: body tucking, 
directional judgment, hip drive, and boat recovery. 
This process requires the nervous system to quickly 
integrate head movement information with body 
position feedback. If there is a lack of coordination 
between vestibular information and proprioceptive 
information, the athlete is prone to directional 
judgment errors or insufficient timing of movement 
execution.

Human postural control depends on information 
fusion among multiple sensory systems, rather than 
the independent action of a single sensory channel. 
Kayak roll training may enhance athletes' spatial 
orientation ability in complex environments through 
continuous stimulation of vestibular-proprioceptive 
interaction.

From a training practice perspective, this 
mechanism also explains why experienced kayakers 
can still complete rolls quickly even under visually 
restricted conditions. They do not "not need 
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sensation," but rather have developed more efficient 
sensory integration capabilities.

3.3    Muscle Spindle–Spinal Cord–Cerebellum 
Feedback Mechanisms and Precise Motor 
Control

The development of proprioceptive ability 
essentially depends on effective interaction between 
peripheral sensory information and central neural 
regulation.

During the kayak roll, muscle spindles, Golgi 
tendon organs,  and joint  mechanoreceptors 
continuously monitor body state and transmit 
relevant information to the spinal cord, cerebellum, 
and motor areas of the brain. Subsequently, the 
central nervous system adjusts muscle activity based 
on feedback information to achieve movement 
correction.

Among these, muscle spindles play a particularly 
important role in motor control. Muscle spindles are 
capable of sensing changes in muscle length and the 
rate of change, providing the nervous system with 
essential information about body movement states. 
For example, during the hip drive phase, the muscles 
around the hip and trunk generate force rapidly, 
and muscle spindles can provide timely feedback on 
muscle status, enabling the motor system to adjust 
force output accordingly.

The cerebellum is  primarily  involved in 
movement prediction and error correction. Human 
motor control does not rely solely on instantaneous 
feedback, but rather uses internal models to predict 
movement outcomes and continuously optimizes 
movement strategies by comparing predicted results 
with actual outcomes. This theory can explain 
why elite athletes are able to rapidly complete 
high-difficulty roll movements such as the Hand 
Roll. After long-term training, athletes may have 
developed relatively stable internal motor models, 
enabling them to predict body rotation trends and 
boat movement states in advance and complete 
movement adjustments quickly.

Thus, kayak roll training may improve the 
efficiency of the nervous system in processing bodily 
information and regulating motor output through 
repeated stimulation of sensory feedback loops.

3.4    Sensorimotor Coupling and Mechanisms 
of Movement Automatization

The development of motor skills typically 

undergoes a transition from cognitive control 
to automatic control. When beginners learn roll 
techniques, they need to rely heavily on conscious 
control: "Is the body rotating sufficiently?" "Is the 
paddle positioned correctly?" "Is the hip movement 
timely?" At this stage, motor control primarily 
depends on explicit cognitive involvement.

With increased training, athletes gradually 
establish stable sensorimotor associations, and motor 
control begins to rely more on automatic regulation. 
Skill automatization does not mean that sensory 
information becomes less important, but rather that 
the motor system can utilize sensory information 
more efficiently to accomplish movement control. 
During the kayak roll, experienced athletes are 
typically able to adjust movements rapidly based 
on changes in boat pressure, body tension, and 
rotation sensation, without needing to analyze each 
movement component step by step.

This ability reflects an improved level of 
sensorimotor coupling, in which: the sensory system 
is responsible for providing body state information, 
the central nervous system is responsible for 
information processing, and the motor system 
is responsible for executing adjustments. These 
three components form a continuous cycle that 
enables the athlete to adapt to the complex aquatic 
environment. The value of roll training lies not only 
in mastering a particular technical movement, but 
more importantly in promoting the establishment 
of more efficient sensorimotor control patterns in 
athletes.

3 . 5     Me ch a n i s m s  o f  B o d i ly  Wi s d o m 
Formation from the Perspective of Embodied 
Cognition

Traditional sports training theories often 
emphasize technical movement learning and motor 
program formation, while embodied cognition 
theory further points out that the body itself 
participates in cognitive processes, and that motor 
ability is gradually formed through continuous 
interaction between the body and the environment 
[15].

The kayak roll has distinct embodied movement 
characteristics. The athlete does not face a fixed 
environment, but rather constantly changing 
water currents, dynamically changing boat states, 
postural changes, and variations in external 
resistance. The athlete cannot rely entirely on fixed 
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movement programs to complete the roll, but must 
continuously adjust movement strategies according 
to environmental changes.

During the Hand Roll, the athlete cannot rely on 
the paddle to provide clear support, but must judge 
movement status through bodily sensations. This 
ability is not simply a result of muscle strength, but 
rather a form of movement wisdom formed through 
the combination of bodily experience, sensory 
information, and environmental interaction.

From the perspective of embodied cognition, 
kayak roll training may promote the development of 
more refined body awareness in athletes, enabling 
them to quickly understand their own state and 
adopt appropriate actions in complex environments.

Conclusion
Kayaking roll is a highly complex motor skill that 

relies heavily on sensorimotor integration. Athletes 
need to coordinate visual, proprioceptive, and 
vestibular inputs to achieve effective postural control. 
Different roll techniques reflect varying levels of 
proprioceptive demands: the Sweep Roll primarily 
emphasizes the establishment of body spatial 
awareness; the C-to-C Roll emphasizes dynamic 
postural control; and the Hand Roll demonstrates 
advanced sensory integration capabilities. Kayak roll 
training may promote the development of athletes' 
body control abilities through mechanisms such 
as sensory reweighting, vestibular-proprioceptive 
integration, neuromuscular feedback regulation, and 
motor automatization. Introducing proprioceptive 
theory into kayak training research can help broaden 
the traditional perspective on technical training, 
shifting training objectives from mere skill execution 
to the cultivation of athletes' comprehensive body 
control capabilities.□
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